In recent years, there has been a preliminary research on monitoring rainfall information based on polarimetric Global Navigation Satellite System (GNSS) signals, which is a quite novel concept. After previous theoretical research on monitoring rain based on polarimetric phase shift of GNSS signals, the paper aims to detect rain using polarimetric GNSS signals from a ground-based experiment. Firstly, a conical horn antenna specially designed for receiving dual-polarized (H, horizontal, and V, vertical) GNSS signals was developed, and an experimental system for polarimetric GNSS rain detection was built. Then, taking Global Positioning System (GPS) satellites as signal source, a ground-based experiment was carried out at a mountain in Nanjing, where heavy rain tends to occur frequently in rainy season. Additionally, a data processing algorithm mainly following Padullés et al. (2016) to solve the problems of quality control, unlocking, hardware effect, phase ambiguity, multipath effect was applied independently to this ground-based data from the polarimetric GNSS rain detection system. Also, the multi-source data from nearby weather radar and weather stations was used for verification. Results from 14 GPS satellites show that the obtained phase shift is zero in all no-rain days while it is not zero during rainy days, which is in accordance with the actual situation. Compared with weather radar and rain gauges' data, the results verify that the phase shift is caused by rain. Besides, when individual cases are examined, many show that their tendencies of accumulated phase shift are quite similar to that of a weather station's rainfall data, even some correlation coefficients are up to 0.99. These demonstrate the reliability of our experimental system and the feasibility of the data processing algorithm. This study will provide technical support for future spaceborne experiment, which has promising applications in global rain monitoring.
Introduction
Rain, a common weather phenomena, reflects the physical and chemical processes of atmospheric dynamics, thermodynamics and water vapor cycle [1] . It also plays an important role in transportation of atmospheric energy and global hydrologic cycle. However, its changing spatial and temporal distribution often leads to natural disasters such as floods and droughts [2] . Therefore, its forecasting, monitoring, and estimation is crucial for the research of scientific issues such as atmospheric dynamic analysis, numerical weather forecasting, weather and climate change, global water balance, hydrological model construction, meteorological disaster forecasting, flood disaster monitoring, and agricultural flood control et al. [3] [4] [5] .
Since the shapes of falling raindrops are always nonspherical, the depolarization of GNSS signals is inevitable when it passes through rain area [25] . Polarimetric phase shift, which is used to describe depolarization characteristic, is defined as
where φ h and φ v is the horizontally and vertically polarized phases, respectively. In theory, the polarimetric phase shift, can be obtained from ∆φ = L K DP dl (2) where L is the path length through rain area; K DP is the specific differential phase, which is related to rain rate and more specifically to the characteristics of rain particles. However, the K DP here comes from forward-scattering of particles rather than back-scattering of particles. For a polarimetric weather radar, whose signals are always in S-, C-, or X-band, its K DP can be observed [8, 9] . Here, the detectability of K DP from L-band signals is uncertain. Thus, an experiment is necessary and essential.
Experiments
From Equation (1), it can be seen that the horizontally and vertically polarized phases of GNSS signals should be received. However, there is no relevant equipment on the market now. Therefore, some devices have to be designed to receive dual-polarized GNSS signals with higher accuracy of phase measurement. Since receiving technology of GPS signals is relatively mature and its L1 (1.57542 GHz) is larger, L1 signal is regarded as our signal resource. A GNSS dual-polarized rain detection system is fabricated for the experiment, which consists of a GNSS dual-polarized receiving antenna, a dual-polarized receiver and a positioning antenna. The dual-polarized antenna is a conical horn antenna, developed by National Space Science Center, Chinese Academy of Science (NSSC-CAS) (see Figure 1 ) based on two vertical waveguides to receive horizontally and vertically polarized GNSS signals, respectively. Under this structure, the antenna patterns of horizontal polarization and vertical polarization have good consistency. The dual-polarized receiver is also supplied by NSSC-CAS, which is similar to the receiver of its GNSS occultation sounder (GNOS) onboard the FengYun 3 series C satellite [27] . The carrier phase and signal amplitude of horizontally and vertically polarized GPS signals can be obtained separately based on this kind of receiver. The positioning antenna is an ordinary omni-directional antenna produced by the manufacturer NovAtel in order to get accurate location of the receiving antenna. 
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where h φ and v φ is the horizontally and vertically polarized phases, respectively. In theory, the polarimetric phase shift, can be obtained from DP L K dl φ Δ =  (2) where L is the path length through rain area; DP K is the specific differential phase, which is related to rain rate and more specifically to the characteristics of rain particles. However, the DP K here comes from forward-scattering of particles rather than back-scattering of particles. For a polarimetric weather radar, whose signals are always in S-, C-, or X-band, its DP K can be observed [8, 9] . Here, the detectability of DP K from L-band signals is uncertain. Thus, an experiment is necessary and essential.
Experiments
From Equation (1), it can be seen that the horizontally and vertically polarized phases of GNSS signals should be received. However, there is no relevant equipment on the market now. Therefore, some devices have to be designed to receive dual-polarized GNSS signals with higher accuracy of phase measurement. Since receiving technology of GPS signals is relatively mature and its L1 (1.57542 GHz) is larger, L1 signal is regarded as our signal resource. A GNSS dual-polarized rain detection system is fabricated for the experiment, which consists of a GNSS dual-polarized receiving antenna, a dual-polarized receiver and a positioning antenna. The dual-polarized antenna is a conical horn antenna, developed by National Space Science Center, Chinese Academy of Science (NSSC-CAS) (see Figure 1 ) based on two vertical waveguides to receive horizontally and vertically polarized GNSS signals, respectively. Under this structure, the antenna patterns of horizontal polarization and vertical polarization have good consistency. The dual-polarized receiver is also supplied by NSSC-CAS, which is similar to the receiver of its GNSS occultation sounder (GNOS) onboard the FengYun 3 series C satellite [27] . The carrier phase and signal amplitude of horizontally and vertically polarized GPS signals can be obtained separately based on this kind of receiver. The positioning antenna is an ordinary omni-directional antenna produced by the manufacturer NovAtel in order to get accurate location of the receiving antenna. This experiment is implemented at a mountain in Nanjing where heavy rain occurs frequently during annual rainy season. Fortunately, a weather radar station is at the top of the mountain, where has an S-band dual-polarized doppler weather radar. The receiver and receiving terminal (computer and receiving software) are sheltered in a room, not far from the antenna. The dual-polarized antenna points to the northeast horizon, which can track all visible satellites simultaneously in the north-east field of view from 10 • to 80 • of azimuth and −3 • to 45 • of elevation (see Figure 2 , enclosed by red dashed line). Through the view, the antenna can receive signals from 22 GPS satellites (G1, G3, G7, G8, G9, G10, G11, G12, G13, G15, G16, G21, G22, G23, G24, G25, G26, G27, G28, G29, G30, G32) almost every day. However, observing period of each day is almost the same for a satellite but different for 22 satellites, ranging from several minutes to several hours. In Figure 2 , the pointing triangle and downward pointing triangle represent ascending and descending GPS satellite respectively. The experiment is carried out twice, one from June to September in 2015 and the other one from July to November in 2016. This experiment is implemented at a mountain in Nanjing where heavy rain occurs frequently during annual rainy season. Fortunately, a weather radar station is at the top of the mountain, where has an S-band dual-polarized doppler weather radar. The receiver and receiving terminal (computer and receiving software) are sheltered in a room, not far from the antenna. The dual-polarized antenna points to the northeast horizon, which can track all visible satellites simultaneously in the north-east field of view from 10° to 80° of azimuth and −3° to 45° of elevation (see Figure 2 , enclosed by red dashed line). Through the view, the antenna can receive signals from 22 GPS satellites (G1, G3, G7, G8, G9, G10, G11, G12, G13, G15, G16, G21, G22, G23, G24, G25, G26, G27, G28, G29, G30, G32) almost every day. However, observing period of each day is almost the same for a satellite but different for 22 satellites, ranging from several minutes to several hours. In Figure 2 , the pointing triangle and downward pointing triangle represent ascending and descending GPS satellite respectively. The experiment is carried out twice, one from June to September in 2015 and the other one from July to November in 2016. 
Data Processing Algorithm
Observation Equation
Observation from our GPS receiver is pseudo-range and carrier phase. However, data from horizontally and vertically polarized (H-pol, V-pol) signals are observed independently by the dualpolarized antenna and tracked separately by the receiver. The polarimetric phase shift is the carrier phase difference between H-pol and V-pol phase. The observation equation of carrier phase can be expressed as [24] 
where ρ is the geometry distance between GPS satellite and the receiver, which is equal for H-pol and V-pol signals; atm ρ represents the phase delay induced by neutral atmosphere (the same for Hpol and V-pol signals); hyd ρ denotes the phase delay due to hydrometeors along the transmission path; ion ρ is the ionospheric delay; m denotes local multipath effect on each signal; d represents the hardware effect; C refers to the clock drifts and errors of the satellite; the term b denotes phase ambiguity, which is an arbitrary initial constant for each signal; t is the time. Therefore, the carrier phase difference is 
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Based on Equation (4), the geometry distance and effect of neutral atmosphere, ionosphere, clock drifts and errors can be eliminated. However, those problems such as hardware effect, phase ambiguity and multipath effect should be further solved.
Method to Solve Hardware Effect and Phase Ambiguity
The hardware effect, namely the effect of transmitter and receiver, is basically the same during a process of receiving GPS signals. Thus, ∆d is a constant for an observation process. The ambiguity is also constant during a continuous period of data record, and then that ∆b is constant [24] . Due to the fact that the observation of phase is not absolute, but relative to the initial value, the GPS receiver cannot get real phase value [28] . Furthermore, when its track is lost, the GPS receiver starts again with a new arbitrary initial value. Therefore, the longest continuous sequence in every day is used.
The orbital period of a GPS satellite is one sidereal day, which means that the satellite will be in the same position after a sidereal day. Thus, we can convert time series of observing data into elevation or azimuth series. Then, the same elevation or azimuth can be selected to ensure consistency of the initial data in every day. This transformation makes the data only depends on the position of GPS satellite. Since the absolute values of each data sequence depend on its initial value, each sequence minus its own mean is considered in order to compare different observing data [24] . At the same time, the hardware effect and phase ambiguity can be cancelled out using the following equation:
where β represents the trajectory of the GPS satellite defined by its elevation and azimuth.
Method to Deal with Multipath Effect
Multipath effect is a source of error for GNSS applications, which affects carrier phase measurements [29] . If GNSS signal falls on the ground before reaching a receiver, the reflection occurs. Thus, this signal may arrive at an antenna finally. In this situation, the receiver combines records of direct signals with multipath artefacts [30] . Since our polarized antenna is on the ground and its gazing angle is at the horizontal direction, multipath effect is inevitable.
The multipath effect is related to the environment in which the GPS receiver is located. Thus, the characteristic of multipath effect on the signal is stable in the same condition. This means that the term ∆m of a satellite should repeat after a sidereal day. Therefore, the ∆m can be regarded as background data. Its feature can be shown by average and standard deviation, which can be calculated as a function of angle β from no-rain days. To get more accurate multipath feature, all the no-rain days' data are used. Here, multipath effect can be removed by
where the mean ∆m over a sidereal day is obtained over the period of non-rainy days, which depends on the trajectory of the satellite and the surrounding of the instrument [24] .
Method to Identify Phase Shift Induced by Raindrops
For each satellite, data from rainy days also suffers from multipath effect. We compare each ∆φ (β) with the standard deviation of ∆m (σ ∆m ) to analyze the effect of hydrometeors. Here, we use "2σ" principle to obtain phase shift: 95% of the data should be within ±2σ in statistics, the other 5% ought to exceed ±2σ [24] . Since there is no absolute reference for phase shift, ±2σ is a threshold. The minimal value where the difference is between ∆φ (β) and −2σ can be calculated. Then, compute each ∆φ (β) by the equation:
∆φ C (β) = ∆φ (β) − (∆φ (β) + 2σ(β)) min (7) Remote Sens. 2019, 11, 2293 6 of 19
Here, considering +2σ as the no-rain noise level, the ∆φ C (β) can be understood as corrected phase shift. Its value that surpass +2σ is regarded as phase shift induced by hydrometeors and can be obtained from:
where ∆φ + (β) is a relative phase shift beyond the no-rain noise level. Its positive value comes from the contribution of hydrometeors, which includes not only raindrops but also ice crystals and melting particles. From our previous research, due to the fact that the number concentration of ice particles is often sparse at high altitude, the effect of ice crystals along the path is quite weak, which can be neglected [25] . Compared with the effect of larger and more concentrated raindrops, the melting particles have some effect but not that obvious. Besides, the effect of ionosphere has been also assessed. Its phase delays, Faraday rotation and Cotton-Mouton effects all have no influence on our measurements [25] .
Comparison with Multi-Source Data
From Equation (8), the ∆φ + (β) is expected to be caused by rain. Whether there are some raindrops just along the path requires other observations to verify. The data of the S-band weather radar is collected at the same time, which works at volume scanning pattern including 14 layers with a period of 8 min. In order to compare, firstly, the phase shift and radar reflectivity should match in time and space. The carrier phase is collected per second since the data sampling rate is 1 Hz, while the radar reflectivity covering its detection zone needs 8 min. In initial quality control procedure, the carrier phase is averaged in every minute. Thus, we can get a GPS path and a phase shift per minute. We assume the rain cells are unchanged during a volume scanning. Then, the radar reflectivity can be interpolated into the same position of a GPS signal path with a space resolution of 1 × 1 × 0.5 km in a grid of 300 × 300 × 10 km (0.5 km, 10 km referring to height). Finally, the path-averaged rain rate is also computed using the radar reflectivity based on empirical Z-R relation [31] .
Also, data from national weather stations is used in this study. Four nearby stations Lishui, Danyang, Jintan and Jurong are selected, since they are all in the field of view, which is shown in Figure 3 . Besides, they are not far from the observing antenna (7 km, 70.4 km, 53.6 km, and 44.4 km, respectively). By calculation, it is found that the GPS signals can pass through these stations to the observing antenna. These stations supply temperature, relative humidity and accumulated precipitation. Especially, their precipitation data is very helpful due to its high time resolution (1 min). Here, considering 2σ + as the no-rain noise level, the
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Results and Discussion
This experiment is conducted with the same instruments in 2015 and 2016. Since multipath effect may vary due to the property variation of the vegetation and soil on nearby surface, data of the same satellite from 2015 and 2016 cannot be connected together to analyze. Therefore, their results are discussed separately. No-rain days are judged by the weather radar echo and the weather record. It refers to the day when the nearby stations have no record of rain during the observing period and the weather radar reflectivity of GNSS ray crossed under 1 km is 0 dBZ. Considering the availability and integrality, data from G27 is processed based on the above algorithms (Equations (4)-(8)). For our observation site, this satellite is on a descending trajectory, which makes the receiver less lock lose at the beginning of being tracked. After converting time series into elevation series, it is found that some days' data suffers from lock lose at lower elevations. In fact, lower elevation can induce more serious phase shift [26] . Thus, in order to do statistical analysis, data with elevations ranging from 1.5 • to 21.5 • is selected. It is shown that usable data comes from 72 days, of which four are rainy days. In addition, daily data lasts 69 min in this elevation range. By computing the data from no-rain days, the average ∆m and standard deviation σ ∆m can be obtained, which can be seen in Figure 4 . 
This experiment is conducted with the same instruments in 2015 and 2016. Since multipath effect may vary due to the property variation of the vegetation and soil on nearby surface, data of the same satellite from 2015 and 2016 cannot be connected together to analyze. Therefore, their results are discussed separately. No-rain days are judged by the weather radar echo and the weather record. It refers to the day when the nearby stations have no record of rain during the observing period and the weather radar reflectivity of GNSS ray crossed under 1 km is 0 dBZ. Considering the availability and integrality, data from G27 is processed based on the above algorithms (Equations (4)-(8)). For our observation site, this satellite is on a descending trajectory, which makes the receiver less lock lose at the beginning of being tracked. After converting time series into elevation series, it is found that some days' data suffers from lock lose at lower elevations. In fact, lower elevation can induce more serious phase shift [26] . Thus, in order to do statistical analysis, data with elevations ranging from 1.5° to 21.5° is selected. It is shown that usable data comes from 72 days, of which four are rainy days. In addition, daily data lasts 69 min in this elevation range. By computing the data from no-rain days, the average  ̅̅̅̅̅ and standard deviation m   can be obtained, which can be seen in Figure 4 . From Figure 4 , it can be seen that the average  ̅̅̅̅̅ ("black+" line) varies with the elevation. The 1 and 2 m thresholds are marked in dark grey and light grey, respectively. Since the carrier phase is recorded by units of length, the phase delay is obtained in mm, which is more convenient to analyze the relationship between phase delay and rain rate. The standard deviation is less than 4 mm, ranging from 1.42 mm to 3.84 mm, which indicates that the data on no-rain days has good consistency. This also implies that the multipath effect on G27 is basically stable. Furthermore, the mean of standard deviations is 2.32 mm, which is consistent with the experimental results of Padullés et al. [24] . Figure 5 presents the variations of corrected phase shift with elevation ("black+" line), whose value can be seen according to the left vertical axis. Additionally, the ()  +  is shown by red line and its value is based on the right vertical axis. It is obvious that their ()
even their majority are in the range of 1  . Therefore, the ()  +  are all zero, which is well matched with the fact that there is no rain during the observation period. Due to space limitation, we only take these two cases for example. But the other no-rain days' data has the same feature. From Figure 4 , it can be seen that the average ∆m ("black+" line) varies with the elevation. The 1 and 2σ ∆m thresholds are marked in dark grey and light grey, respectively. Since the carrier phase is recorded by units of length, the phase delay is obtained in mm, which is more convenient to analyze the relationship between phase delay and rain rate. The standard deviation is less than 4 mm, ranging from 1.42 mm to 3.84 mm, which indicates that the data on no-rain days has good consistency. This also implies that the multipath effect on G27 is basically stable. Furthermore, the mean of standard deviations is 2.32 mm, which is consistent with the experimental results of Padullés et al. [24] . Figure 5 presents the variations of corrected phase shift with elevation ("black+" line), whose value can be seen according to the left vertical axis. Additionally, the ∆φ + (β) is shown by red line and its value is based on the right vertical axis. It is obvious that their ∆φ C (β) are both within ±2σ, even their majority are in the range of ±1σ. Therefore, the ∆φ + (β) are all zero, which is well matched with the fact that there is no rain during the observation period. Due to space limitation, we only take these two cases for example. But the other no-rain days' data has the same feature. Phase shift of two rainy days is reported in Figure 6 . Since some corrected phase shifts are beyond 2σ, phase shift ∆φ + (β) are not all zero, which can be seen in red line. In addition, its maximum is more than 5 mm. By verification, it is found that there are precipitation clouds on the GPS signals' passing area during their receiving periods (13:46-14:55 on 6 July 11:24-12:33 on 10 August). This reveals preliminarily that signals of G27 is probably affected by raindrops, resulting in creating phase shift, which still requires further research. Phase shift of two rainy days is reported in Figure 6 . Since some corrected phase shifts are beyond 2 , phase shift ()  +  are not all zero, which can be seen in red line. In addition, its maximum is more than 5 mm. By verification, it is found that there are precipitation clouds on the GPS signals' passing area during their receiving periods (13:46-14:55 on 6 July 11:24-12:33 on 10 August). This reveals preliminarily that signals of G27 is probably affected by raindrops, resulting in creating phase shift, which still requires further research. 
Comparison with Weather Radar
In order to verify the reliability of phase shift, the weather radar data in the same period is compared and analyzed.
In Figure 7a ,b, each GPS ray is shown by minute and every point along the ray can be identified by its height (in km); radar reflectivity is interpolated along GPS rays, which is shown by color scale. Here, the GPS rays are assumed to be straight line propagating through rain area. The "pink+" line is the path-averaged rain rate (in mm h −1 ) from radar reflectivity (left y axis) and phase shift ()  +  is plotted as a red solid line with the values indicated by the right y axis. The rain rate from radar is computed using the radar reflectivity under 1 km based on a typical empirical Z-R relation ( Figure 7c shows the sky view of G27 at this selected time. It has to be mentioned that once the satellite comes into the observed area (see Figure 2 , enclosed by red dashed line), its signals can be tracked and received.
In the case of 6 July, it can be seen that when the phase shift is not zero, there is radar reflectivity along the GPS ray path though the radar reflectivity is weak. Moreover, the phase shift is quite obvious during 6-30 min, when the path-averaged rain rate is not zero. The case of 10 August has Phase shift of two rainy days is reported in Figure 6 . Since some corrected phase shifts are beyond 2 , phase shift ()  +  are not all zero, which can be seen in red line. In addition, its maximum is more than 5 mm. By verification, it is found that there are precipitation clouds on the GPS signals' passing area during their receiving periods (13:46-14:55 on 6 July 11:24-12:33 on 10 August). This reveals preliminarily that signals of G27 is probably affected by raindrops, resulting in creating phase shift, which still requires further research. 
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Comparison with Weather Radar
In Figure 7a ,b, each GPS ray is shown by minute and every point along the ray can be identified by its height (in km); radar reflectivity is interpolated along GPS rays, which is shown by color scale. Here, the GPS rays are assumed to be straight line propagating through rain area. The "pink+" line is the path-averaged rain rate (in mm h −1 ) from radar reflectivity (left y axis) and phase shift ∆φ + (β) is plotted as a red solid line with the values indicated by the right y axis. The rain rate from radar is computed using the radar reflectivity under 1 km based on a typical empirical Z-R relation (R = (Z/200) 1/1.6 ) [31]. Figure 7c shows the sky view of G27 at this selected time. It has to be mentioned that once the satellite comes into the observed area (see Figure 2 , enclosed by red dashed line), its signals can be tracked and received.
In the case of 6 July, it can be seen that when the phase shift is not zero, there is radar reflectivity along the GPS ray path though the radar reflectivity is weak. Moreover, the phase shift is quite obvious during 6-30 min, when the path-averaged rain rate is not zero. The case of 10 August has the similar feature. Generally, when the radar reflectivity is stronger, the maximum phase shift is larger. However, the phase shift is not obviously positive correlation with radar reflectivity. This may be due to the fact that phase shift induced by nonspherical raindrops is offseted by the difference of canting angles along GPS ray path [25] . Here, the phase shift is expected to be obtained by experiment. Fortunately, it is detected in rainy days after the above calculation. the similar feature. Generally, when the radar reflectivity is stronger, the maximum phase shift is larger. However, the phase shift is not obviously positive correlation with radar reflectivity. This may be due to the fact that phase shift induced by nonspherical raindrops is offseted by the difference of canting angles along GPS ray path [25] . Here, the phase shift is expected to be obtained by experiment. Fortunately, it is detected in rainy days after the above calculation. Figure 8a , it is obvious that only Jurong has rain during the GPS signals receiving period. Moreover, the trend of Jurong's data is somewhat similar to that of accumulated phase shift with a correlation coefficient of 0.9709. In Figure 8c , their correlation coefficients with the data from these weather stations Lishui, Danyang, Jintan, and Jurong are 0, 0.3039, 0.9433, and 0.9114, respectively. This indicates that their accumulations have some relations, even though rain gauge is a point observation while phase shift Elevation (°) Figure 7 . Examples of phase shift (red solid line with values indicated by the right y axis) from two rainy days compared with radar reflectivity (interpolated along GPS rays, whose value is shown by color scale and height is represented by left y axis) and path-averaged rain rate ("pink+" line with values indicated by the left y axis) calculated from radar reflectivity: (a) on 6 July 2015; (b) on 10 August 2015; (c) sky plot of G27 at this selected time. Figure 8a ,c show the comparison between accumulated phase shift with accumulated rainfall observed from four nearby weather stations (Lishui, Danyang, Jintan and Jurong). In Figure 8a , it is obvious that only Jurong has rain during the GPS signals receiving period. Moreover, the trend of Jurong's data is somewhat similar to that of accumulated phase shift with a correlation coefficient of 0.9709. In Figure 8c , their correlation coefficients with the data from these weather stations Lishui, Danyang, Jintan, and Jurong are 0, 0.3039, 0.9433, and 0.9114, respectively. This indicates that their accumulations have some relations, even though rain gauge is a point observation while phase shift is a linear measurement. The correlation coefficient here refer to the Person correlation coefficient, whose formula is
Comparison with Weather Station
where n is the number of sample X. is a linear measurement. The correlation coefficient here refer to the Person correlation coefficient, whose formula is
where n is the number of sample X. It is obvious that the rain gauges variation of rain is only temporal, but for the phase the location and extension of precipitation also plays an important role. If the rain gauge is close to GPS ray and rain area, and this area is not large and sparse, the rain rate from rain gauge can represent the whole area's rain rate. Otherwise, error is inevitable and the comparison is complex. For example, in the case of 6 July 2015, the rain area covers Jurong station during the observing period, and the GPS rays come across this rain area, getting close to Jintan station. However, there is no rain in the other three stations. Thus, Jurong station's correlation coefficient is highest, up to 0.9433. In the case of 10 August 2015, there is no rain in Lishui station and Danyang station during the observing time. When GPS ray is close to Jintan station, it is found that the rain area covers this station from radar echoes. Therefore, Jintan station's result is the best. When checking each GPS ray with radar precipitation echo, it can be found that the weather station, showing the best result, is basically more close to GPS ray. Therefore, the distribution of rain has an effect on this comparison analysis.
Comparisons of accumulated phase shift and accumulated rainfall obtained by different methods (retrieved from radar reflectivity and the best result of rain gauges from four weather stations) can be seen in Figure 8b,d . Though the rain rate from radar is path-averaged, which is It is obvious that the rain gauges variation of rain is only temporal, but for the phase the location and extension of precipitation also plays an important role. If the rain gauge is close to GPS ray and rain area, and this area is not large and sparse, the rain rate from rain gauge can represent the whole area's rain rate. Otherwise, error is inevitable and the comparison is complex. For example, in the case of 6 July 2015, the rain area covers Jurong station during the observing period, and the GPS rays come across this rain area, getting close to Jintan station. However, there is no rain in the other three stations. Thus, Jurong station's correlation coefficient is highest, up to 0.9433. In the case of 10 August 2015, there is no rain in Lishui station and Danyang station during the observing time. When GPS ray is close to Jintan station, it is found that the rain area covers this station from radar echoes. Therefore, Jintan station's result is the best. When checking each GPS ray with radar precipitation echo, it can be found that the weather station, showing the best result, is basically more close to GPS ray. Therefore, the distribution of rain has an effect on this comparison analysis.
Comparisons of accumulated phase shift and accumulated rainfall obtained by different methods (retrieved from radar reflectivity and the best result of rain gauges from four weather stations) can be seen in Figure 8b,d . Though the rain rate from radar is path-averaged, which is obtained from the average of path radar reflectivity, it can also reflect the feature of rain along the GNSS ray. The correlation coefficient between accumulated phase shift and accumulated rainfall from radar is up to 0.9745 in Figure 8b and 0.9519 in Figure 8d , which are both better than the results with rain gauges. This is due to the fact that rainfall from radar is accumulation of path-averaged rain rate, which matches with GPS signals in space.
Statistical Results of G22 Satellite in 2015
Phase Shift in No-Rain and Rainy Days
Data from G22 is also analyzed. For the GPS antenna, this satellite's elevation fluctuates mainly between 0 • and 3 • , which makes it difficult to translate its time series into elevation series. Since its azimuth varies significantly, we consider converting time series into azimuth series. Here, data with azimuth from 44 • to 72 • is selected. By calculation, data of 67 days are available, of which five days have rain. In addition, daily data lasts 73 min in this azimuth range. By computing no-rain days' data, the average ∆m and standard deviation σ ∆m can be obtained, shown in Figure 9 . obtained from the average of path radar reflectivity, it can also reflect the feature of rain along the GNSS ray. The correlation coefficient between accumulated phase shift and accumulated rainfall from radar is up to 0.9745 in Figure 8b and 0.9519 in Figure 8d , which are both better than the results with rain gauges. This is due to the fact that rainfall from radar is accumulation of path-averaged rain rate, which matches with GPS signals in space.
Statistical Results of G22 Satellite in 2015
Phase Shift in No-Rain and Rainy Days
Data from G22 is also analyzed. For the GPS antenna, this satellite's elevation fluctuates mainly between 0° and 3°, which makes it difficult to translate its time series into elevation series. Since its azimuth varies significantly, we consider converting time series into azimuth series. Here, data with azimuth from 44° to 72° is selected. By calculation, data of 67 days are available, of which five days have rain. In addition, daily data lasts 73 min in this azimuth range. By computing no-rain days' data, the average  ̅̅̅̅̅ and standard deviation m   can be obtained, shown in Figure 9 . In Figure 9 , its standard deviation ranges from 1.06 mm to 2.95 mm, with a mean of 1.78 mm, which is also quite small [24] . This reveals that the multipath effect on G22 is basically stable. Furthermore, by statistical analysis, the ()  +  of G22 are all zero on no-rain days while not zero on rainy days. Figure 10 displays the variations of corrected phase shift and with azimuth ("black+" line), whose value can be seen according to left vertical axis. Also, the value of () are zero, which also coincides with the facts. Additionally, the other no-rain days' results are similar with these two cases. Figure 11 shows the results of two rainy days. It is obvious that their phase shift exists, whose maximum can be up to 6 mm. However, whether there are raindrops along the GPS rays still needs further research based on other data. In Figure 9 , its standard deviation ranges from 1.06 mm to 2.95 mm, with a mean of 1.78 mm, which is also quite small [24] . This reveals that the multipath effect on G22 is basically stable. Furthermore, by statistical analysis, the ∆φ + (β) of G22 are all zero on no-rain days while not zero on rainy days. Figure 10 displays the variations of corrected phase shift and with azimuth ("black+" line), whose value can be seen according to left vertical axis. Also, the value of ∆φ + (β) (red line) can be seen from right vertical axis. As shown in this figure, since their ∆φ C (β) are both within ±2σ, their ∆φ + (β) are zero, which also coincides with the facts. Additionally, the other no-rain days' results are similar with these two cases. Figure 11 shows the results of two rainy days. It is obvious that their phase shift exists, whose maximum can be up to 6 mm. However, whether there are raindrops along the GPS rays still needs further research based on other data. 
Comparison with Weather Radar
For comparison, weather radar data is also processed and analyzed. Path-averaged rain rate is also calculated from radar reflectivity. Figure 12a ,b displays the results from two rainy cases, which is obtained by the same method of Figure 7a ,b. In these two figures, white corresponds to "no data". Since GPS ray does not come across cloud in this area, there is no data there. Figure 12c presents the sky view of G22 at this selected time. It is found that there are raindrops along the GPS rays, when the phase shift exists. In the case of 10 August, it is found that the radar reflectivity is quite strong. Especially, after 9 min, the path-averaged rain rate and phase shift appears almost at the same time. Furthermore, their values have some consistency. Therefore, this result still needs to be studied further. 
Comparison with Weather Station
In Figure 13a , the tendency of accumulated rainfall from Jurong is similar with that of accumulated phase shift. Thus, their correlation coefficient is largest, up to 0.9631. From Figure 13b , the trend of accumulated rainfall from radar is well consistent with that of accumulated phase shift. Furthermore, their correlation coefficient reaches 0.9818, which is better than that with Jurong. This is also due to the fact that the path-averaged rainfall matches with GPS signals' ray in space, while rainfall from weather station is just a point. 
Statistical Results in 2016
For statistical and comparative analysis, the minimum elevation of every GPS satellite is set to 2° and the length of their data is set to one hour. Then, by calculation, it is found that the observing time of G8, G10, G11, G15, G16, G21, G26, G28, G29 is not long enough to get one-hour data, while data from other 12 GPS satellites (G1, G3, G7, G9, G12, G13, G22, G23, G24, G25, G27, G30) can be 
Comparison with Weather Station
Statistical Results in 2016
For statistical and comparative analysis, the minimum elevation of every GPS satellite is set to 2 • and the length of their data is set to one hour. Then, by calculation, it is found that the observing time of G8, G10, G11, G15, G16, G21, G26, G28, G29 is not long enough to get one-hour data, while data from other 12 GPS satellites (G1, G3, G7, G9, G12, G13, G22, G23, G24, G25, G27, G30) can be used to analyze. Their data from no-rain days is also calculated by the above processing algorithm. Some statistical results are shown in Figure 14 . used to analyze. Their data from no-rain days is also calculated by the above processing algorithm. Some statistical results are shown in Figure 14 . From Figure 14 , it is obvious that their standard deviations of the four GPS satellites' data are small and stable, which is well consistent with the features of G22 and G27 from 2015. Besides, the other satellites' data has the same characteristics. In order to compare, their statistical results for the no-rain days are displayed in Table 1 . From Figure 14 , it is obvious that their standard deviations of the four GPS satellites' data are small and stable, which is well consistent with the features of G22 and G27 from 2015. Besides, the other satellites' data has the same characteristics. In order to compare, their statistical results for the no-rain days are displayed in Table 1 . Since each satellite has its own orbit, their maximum elevations with the same minimum elevation (2 • ) and lasting the same time (one hour) are different, which can be seen in Table 1 . Besides, obviously in Table 1 , other statistics, such as maximum, minimum and mean standard deviations are reported. Statistical results on no-rain days show that the maximum standard deviation of all the satellites is 3.36 mm (G7), the minimum is low to 0.69 mm (G23), and the mean value of standard deviations from different satellites is less than 2.2 mm, with the majority within 2 mm. Besides, the samples from different satellites for statistics are all more than 80 (no-rain days). Compared with the results in Padullés et al. [24] , these standard deviations here are almost the same, some even better, which demonstrates the consistency of observed data on no-rain days and the reliability of phase shift background values. This also reveals the stability of experimental equipment and feasibility of the data processing algorithm.
In Table 1 , rainfall cases refer to the cases obtained by matching the phase shift of rainy day with the rain gauges. In these cases, rainfall information is detected by rain gauges. Here, some cases are shown in Figure 15 .
Since each satellite has its own orbit, their maximum elevations with the same minimum elevation (2°) and lasting the same time (one hour) are different, which can be seen in Table 1 . Besides, obviously in Table 1 , other statistics, such as maximum, minimum and mean standard deviations are reported. Statistical results on no-rain days show that the maximum standard deviation of all the satellites is 3.36 mm (G7), the minimum is low to 0.69 mm (G23), and the mean value of standard deviations from different satellites is less than 2.2 mm, with the majority within 2 mm. Besides, the samples from different satellites for statistics are all more than 80 (no-rain days). Compared with the results in Padullés et al. [24] , these standard deviations here are almost the same, some even better, which demonstrates the consistency of observed data on no-rain days and the reliability of phase shift background values. This also reveals the stability of experimental equipment and feasibility of the data processing algorithm.
In Table 1 , rainfall cases refer to the cases obtained by matching the phase shift of rainy day with the rain gauges. In these cases, rainfall information is detected by rain gauges. Here, some cases are shown in Figure 15 . In Figure 15 , R1, R2, R3, and R4 represent the correlation coefficient between accumulated phase shift and accumulated rainfall from Lishui, Danyang, Jintan and Jurong weather stations, respectively. It can be easily seen that the tendency of each accumulated phase shift is quite similar to at least one weather stations' rainfall data. In these cases, the optimal correlation coefficients of a case all exceed 0.96, even some up to 0.99. These results reveal the validity of the data processing algorithm and the reliability of the calculated phase shift.
Conclusions
This paper continues to study the feasibility of rain monitoring from polarimetric GNSS signals by performing a ground-based experiment. Firstly, based on previous theoretical research [12, 25] , the experiment was designed, including experimental equipment, conditions, site, and time. Especially, the key instrument, a conical horn dual-polarized GNSS antenna, was developed and used for the first time. Then, to solve some problems such as quality control, unlocking, hardware effect, phase ambiguity, multipath effect, some methods were provided successively mainly following Padullés et al. method [24] , which has been applied to this ground-based experimental data. Since the multipath effect was inevitable for ground-based experiment, the method to eliminate its effect and extract phase shift proposed by Padullés et al. [24] was used. According to this data processing algorithm, experimental data in 2015 and 2016 was processed to obtain phase shift in rainy days. Finally, the phase shift was validated by weather radar and weather station data.
By analyzing data from 2 GPS satellites in 2015 and 12 GPS satellites in 2016, the results show that phase shift doesn't exist on no-rain days. Furthermore, the standard deviations of the term ∆m induced by multipath effect are small, which is well matched with the results of Padullés et al. [24] . In Figure 15 , R1, R2, R3, and R4 represent the correlation coefficient between accumulated phase shift and accumulated rainfall from Lishui, Danyang, Jintan and Jurong weather stations, respectively. It can be easily seen that the tendency of each accumulated phase shift is quite similar to at least one weather stations' rainfall data. In these cases, the optimal correlation coefficients of a case all exceed 0.96, even some up to 0.99. These results reveal the validity of the data processing algorithm and the reliability of the calculated phase shift.
This paper continues to study the feasibility of rain monitoring from polarimetric GNSS signals by performing a ground-based experiment. Firstly, based on previous theoretical research [12, 25] , the experiment was designed, including experimental equipment, conditions, site, and time. Especially, the key instrument, a conical horn dual-polarized GNSS antenna, was developed and used for the first time. Then, to solve some problems such as quality control, unlocking, hardware effect, phase ambiguity, multipath effect, some methods were provided successively mainly following Padullés et al. method [24] , which has been applied to this ground-based experimental data. Since the multipath effect was inevitable for ground-based experiment, the method to eliminate its effect and extract phase shift proposed by Padullés et al. [24] was used. According to this data processing algorithm, experimental data in 2015 and 2016 was processed to obtain phase shift in rainy days. Finally, the phase shift was validated by weather radar and weather station data. By analyzing data from 2 GPS satellites in 2015 and 12 GPS satellites in 2016, the results show that phase shift doesn't exist on no-rain days. Furthermore, the standard deviations of the term ∆m induced by multipath effect are small, which is well matched with the results of Padullés et al. [24] . Fortunately, the experimental system catches some rainy cases and the rain-induced phase shift is obtained. These results verifies the feasibility of this experimental system and the data processing algorithm. They also reveal that phase shift can be observed in rainy days.
Compared with radar data, it is found that there are radar echoes along the GPS ray when phase shift occurs. In addition, by examining individual cases, the trends of accumulated phase shift and accumulated rainfall from one or more rain gauges are very similar, with some correlation coefficients up to 0.99. However, accumulated rainfall retrieved from radar reflectivity shows a more consistent trend with accumulated phase shift. This is due to the fact that rain gauge is just a point while radar can match with GPS rays in space. These comparison further demonstrates the reliability of the obtained phase shift.
Since this rain monitoring method is still in an initial phase, more research can be carried out. In this ground-based experiment, due to the effect of phase ambiguity and multipath effect, the phase shift is just relative, not absolute. Therefore, a spaceborne experiment is necessary, in which the phase ambiguity and multipath effect are easy to be solved. Our research here can provide experiment system and data processing methods for the future spaceborne experiment.
